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Abstract  
 
The interaction of the trivalent lanthanide ions Ce(III) and Tb(III) with ribonucleic acid 
(RNA) and guanosine 5`triphosphate (GTP) in aqueous solution has been studied using 
their luminescence spectra and decays. Complexation is indicated by changes in 
luminescence intensity.  With the system terbium(III)-RNA and terbium(III)-GTP, 
changes in luminescence with pH are probably related to conformational changes on the 
structure and also to the different degrees of protonation of phosphate groups and 
nucleotide bases. The degree of hydration of Tb(III) on binding to RNA and GTP is 
followed by luminescence lifetime measurements in water and deuterium oxide 
solutions, and at least one hydration water is lost from the lanthanide ion on binding  to 
RNA or GTP at pH 4.7 and pH 7. Rather different behaviour is observed on binding 
RNA at pH 9, where six water molecules are lost, possibly due to the lanthanide binding 
to the bases of the RNA backbone. This is similar to what has previously been seen with 
DNA, and is supported by 31P NMR spectral measurements, which confirm the 
possibility of lanthanide binding to both phosphate and bases in the nucleic acids. In the 
case of GTP at pH 9, two water molecules appear to be lost, probably due to terbium 
binding both to guanine and a phosphate group. Gd(III) EPR spectral measurements 
with DNA, RNA and GTP suggest decreased lanthanide ion mobility on binding.   
 
Keywords: dehydration; lifetime measurements; binding;  
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1. Introduction 
Nucleic acids play an important role in biological systems and carry out a broad range 
of biological functions. Increasing interest is being shown in ribonucleic acids (RNA), 
both because of their metabolic role and their applications in various types of therapy. 
Although, both DNA and RNA are nucleic acids involving purine or pyrimidine bases 
bonded to sugar phosphate ester backbones, relatively small chemical differences 
between DNA and RNA give rise to great differences in both structural and chemical 
properties. RNA has the sugar ribose instead of deoxyribose and the base uracil instead 
of thymine.1 DNA is normally double-stranded and therefore limited in the number of 
different structures it can form. RNA is single-stranded but has the possibility to fold 
back and pair various complementary segments of the same molecule to form different 
secondary structures such as hairpins, bulges and internal loops with implications for its 
function.2-10 The biological function of RNA is often dependent on interactions with 
different moieties, such as proteins and metal ions,11-28 and the RNA structure can 
undergo conformational changes due to ligand binding. Metal ions are important 
cofactors in RNA structure and function, facilitating RNA folding, tertiary structure 
stabilization, and catalysis.27,29,30  Also, the extent of hydration of cations bound to RNA 
is a key parameter in the energetics of the binding process, as well as a relevant issue in 
the catalytic roles and structural effects of bound ions. An understanding of the factors 
involved in metal ion-RNA interactions is, thus, of considerable importance. 
Trivalent lanthanide ions form a relatively homogeneous group of 15 elements having 
attractive, spectroscopic and magnetic properties31, and have been used as probes of the 
interactions of metal ions with nucleic acids32 and other polyelectrolytes.33 
Given the abundance of negatively charged oxygen donor groups the DNA and RNA 
molecules easily interact with Ln3+ ions, occupy at least some of the inner-sphere 
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coordination sites of the bound ions, and contribute to the coordination process by 
completing chelate bridges.34Also nucleotides, such as guanosine 5`triphosphate (GTP), 
a triphosphate group covalently attached to the 5`-hydroxyl group of the corresponding 
guanine nucleoside (guanosine), show strong ability to interact with lanthanide ions and 
can mimic some aspects of DNA and RNA behavior in the presence of these ions.  The 
luminescence properties of Tb3+, Eu3+ and Ce3+ make them quite versatile in their 
applications to biomolecular structure examination.35  
The luminescence of the lanthanide ions, except Ce(III), arises from ff electron 
transitions,  which can give information on both the coordination environment36,37 and 
degree of hydration of these ions.38,39  The 4f orbitals are shielded, and give rise to 
narrow emission bands. In addition, there is increasing interest in long-lived 
luminescent probes40-42 and lanthanide ions are good candidates for this, particularly as 
their emissions are not quenched by oxygen. The absorption of Ln(III) ions is extremely 
weak when compared to organic fluorophores, principally because of the low oscillator 
strength (~10-6) of their absorption bands,43,44  which is due to the fact that lanthanide 
ff transitions are generally forbidden by both spin and Laporte selection rules.45,46 In 
certain cases, the inherent weakness of Ln(III) ion luminescence may be overcome by 
an energy transfer process from appropriate organic ligands.47-51 In contrast, with 
cerium(III), the lowest energy electronic band in absorption corresponds to the allowed 
4f5d transition. Although this results in a much broader band than with the other 
trivalent lanthanides, it does mean that the transition has a reasonable molar absorption 
coefficient.52,53   
Luminescence decay lifetimes of lanthanides provide a direct measure of the number of 
metal-coordinated water molecules. Replacement of OH oscillators by the OD ones 
causes the vibronic deexcitation pathway to become exceedingly inefficient, and the 
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resultant isotope effect on luminescence lifetimes permits the determination of the 
number of water molecules in the first coordination sphere of metal ion,54-62 in addition 
to the changes in hydration on lanthanide ion binding. This technique has been applied 
to study lanthanide ion dehydration on binding to DNA32, polyvinylsulfonate33 and 
sodium dodecyl sulphate63 in aqueous solutions as well as to AOT/water/isooctane 
microemulsions.64 We extend this study to the behaviour of lanthanide ions on binding 
to RNA. 
In previous studies with DNA,32 we have shown that the binding of lanthanides is 
strongly dependent upon pH, and that at high pH both phosphate groups and bases may 
be involved. Such two-site binding has previously been suggested from both 
luminescence65 and 1H NMR spectroscopy.66 Phosphorous-31 NMR spectroscopy has 
proved to be a powerful technique here for studying the conformation, dynamics and 
binding of nucleic acids in aqueous solutions.67-69 We have therefore used this technique 
for characterizing the interactions between nucleic acids and lanthanides in these 
systems. 
 Further, electron paramagnetic resonance (EPR) is a selective and sensitive tool for 
studying systems with unpaired electrons, e.g. radicals and paramagnetic transition 
metals. With EPR spectroscopy, detailed information about the nature, location and the 
electronic structure and dynamics of the centers with an unpaired spin can be obtained 
and thereby provide complementary information for understanding of the mechanisms 
of interaction of lanthanides with the nucleic acids. Gd(III) is the only trivalent 
lanthanide whose EPR spectrum can be observed routinely at room temperature because 
of its relatively long electron relaxation times, 10-9 to 10-10 s. These are slower than 
those of other lanthanides (around 10-13 s), where band broadening is observed, 70,71 but 
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of a similar order of magnitude to lifetimes of exchange of water molecules on the 
lanthanide ions.31,72 
  We have therefore carried out a detailed study of the association of trivalent lanthanide 
ions Ce3+ and Tb3+ with RNA and GTP using their luminescence spectroscopy and 
lifetimes, complemented by 31P NMR measurements and EPR studies on solutions of 
single stranded DNA, RNA and GTP using Gd3+.  
 
2. Materials and Methods   
Cerium (III), terbium (III) and gadolinium (III) perchlorates from Aldrich were of the 
purest grade available and were used as received. Guanosine 5´triphosphate (GTP), 
sodium salt, and yeast tRNA from Sigma were used as supplied and were of the best 
grade available. Water purified by a Milli-Q system (Milipore Corporation, Bedford, 
MA) was used for all solutions. An appropriate buffer (20 mM Tris-HCL, pH 7.5) was 
used for RNA dilution. RNA concentration was measured by its absorbance at 260 nm, 
260 = 5x105 M-1 cm-1. Deoxyribonucleic acid sodium (DNA) from salmon testes 
(Sigma) was used as supplied. Nucleic Acids molarities are expressed in moles of 
nucleotide base. Its molecular weight is around 2000 base pairs (bp). DNA was 
thermally denatured to produce ss-DNA by heating at 90ºC for 10 min and then cooling 
rapidly by injecting the sample into a beaker that is cooled by immersion into a mixture 
of cold ice and ethanol. Following this treatment, the DNA in aqueous solution for the 
EPR experiments was shown to be single stranded by differential scanning calorimetry 
(DSC)32. DNA concentration was measured by its absorbance at 260 nm, 260 = 6600 M-
1
 cm-1. A260/A280 ratio of RNA and DNA solutions was about 1.8-1.9 indicating the 
absence of protein contamination.73 
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Deuterium oxide (99.9 at. %) from Aldrich was used in preparing solutions for 
determining the number of water molecules in the phosphorescence decay 
measurements. The normal pH of the solutions was 4.7. The solution pH was modified 
from pH 4.7 to pH 7 and 9 by the addition of small amounts of NaOH (or NaOD). 
Absorption spectral measurements were made in 1 cm quartz cuvettes on a Shimadzu 
UV-2100 spectrophotometer. For luminescence spectral measurements, a Spex 
Fluorolog 111 was used in 90° configuration, with emission and excitation spectra 
recorded using appropriate excitation or emission wavelengths. In experiments with the 
system RNA-terbium(III) an appropriate filter was introduced in front of the emission 
monochromator to eliminate higher order bands. Terbium(III) luminescence lifetimes 
were measured using the Spex 1934D phosphorimeter accessory with the Fluorolog 3-
22 instrument, and decays were analyzed by using the program Origin 6.0 (Microcal).   
The 31P spectra were obtained on a Varian Unity-500 NMR spectrometer (202.326 
MHz), using H3PO4 (85%) as external reference, sw = 25,000 Hz, at = 1.0 s and 
d1 = 5.0 s.  
The solutions were prepared starting from ss-DNA stock solution and terbium(III) was 
added to the solutions in adequate amounts. The pH was adjusted by addition of DCl 
and NaOD; the pH values quoted are the direct pH-meter readings (room temperature) 
after standardization with aqueous buffers.  
Electron paramagnetic resonance (EPR) measurements were carried out in aqueous 
solutions using samples in the sealed capillary part of Pasteur pipettes. Spectra were 
recorded on a Bruker EMX10/12 spectrometer, equipped with Bruker N2 temperature 
controller device BVT3000, operating at X band and calibrated with DPPH (α,α´-
diphenyl-β-picrylhydrazyl). 
  
 
ACCEPTED MANUSCRIPT 
 
 8 
3. Results and Discussion 
Luminescence studies. Initial observations were made on the phase behaviour of 
aqueous solutions of RNA and GTP in the presence of lanthanide ions. Upon addition of 
cerium(III), terbium(III) to an aqueous solution of RNA (10-4 M) and GTP (10-4 M) at 
room temperature, formation of a precipitate was observed at lanthanide concentrations 
above 5x10-3 M. The concentration of lanthanide ions, on adding RNA and GTP, was 
then decreased until the concentration limit detected to avoid precipitation and clear 
isotropic solutions were observed.  Information was obtained at a molecular level on 
aqueous solutions of cerium(III) perchlorate in the presence of RNA and GTP by 
studying the emission spectrum. In the presence of RNA (10-4M) and GTP (10-4M), 
increases in Ce(III) luminescence intensity were observed, with the effect being more 
marked in the presence of RNA, as shown in Figure 1. Emission spectra were also 
obtained for the system RNA-cerium(III) at different cerium concentrations keeping the 
RNA concentration constant. Small blue shifts in the emission maxima and a marked 
increase in the luminescence intensity were observed, as shown in Figure 2, due to a 
selective binding of the lanthanide to the RNA, probably with cerium lying close to the 
phosphate groups. Similar behavior was previously observed for DNA-cerium(III) at 
different cerium concentrations keeping the DNA concentration constant.32  As shown 
in Figure 3, the increase of Ce3+ emission intensity is linear up to about 5 x 10-4 M for 
both systems (cerium in the presence of RNA and GTP) but tends to a plateau at higher 
cerium concentration.  
Various attempts have been made to model the binding of high valent ions by 
polyelectrolytes. This is not simple due to the fact that the Poisson-Boltzmann 
distribution fails for these systems. To measure the extent of cerium binding to both 
RNA and GTP, a multiple equilibrium model was used. The multiple equilibrium model 
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has the same mathematical form as that of the Langmuir isotherm, the expression for 
which in the linear form is74  
 
max max
1c c
w w K w
= +                      (1) 
 
where c is the total Ce(III) concentration, w is the bound cerium [ ]adsCe , maxw  is the 
maximum of  [ ]adsCe , and K is a the binding constant.  We assumed that the 
experimental emission intensity is proportional to the concentration of cerium bound to 
RNA and GTP ([ ]adsCe ).  
 
[ ]exp adsI Ce= α                           (2)  
 
To normalize the data, we calculate α  in all cases from the emission intensity for the 
most dilute Ce(III) solution (5x10-5 M). With this constant value, α , and Ce(III) 
concentrations, the sample emission intensity can be calculated, normI .   
 
[ ]( )normI Ce III= α                      (3) 
 
With these assumptions, the ratio /c w  (total Ce(III) concentration /[ ]adsCe ) can be 
assumed to be proportional to the ratio normI / expI  
A plot of normI / expI  versus Ce(III) concentration for a 10-4 M RNA and 10-4 M GTP 
solutions and Ce(III) concentrations ranging from 5x10-5 M to 5x10-3 M is linear 
(correlation coefficients 0.989 and 0.978 for RNA and GTP, respectively ), with slopes 
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19 125 M-1 and 18 800 M-1, for RNA and GTP, respectively. The slope (1/ maxw ) gives a 
measure of the maximum binding of cerium to RNA and GTP.  The higher slope for the 
cerium-RNA system provides evidence of a stronger binding to RNA than to GTP.  
In agreement with this observation, the biggest effect on the emission intensity was 
observed in the presence of RNA. As shown in Figure 3, GTP is a weak enhancer of 
cerium emission intensity when compared to RNA. This is probably due to the smaller 
number of binding sites available in GTP, with a maximum of three phosphate groups 
and one nitrogenous base (guanine), against the much greater number of phosphate 
groups and purine and pyrimidine bases available in RNA.  
Emission spectra were studied of aqueous solution of Tb(III) in the presence of RNA 
and GTP (Figure 4). The emission spectrum of an aqueous solution of terbium (III) is 
also shown for comparison. In the presence of RNA and GTP the most sensitive band is 
in the region 530 to 550 nm; the increase in intensity in this region is more significant 
than with the other bands.  As was observed with cerium, RNA is a more efficient 
emission enhancer than GTP. The emission intensity of Tb(III) in the presence of GTP 
is only twice that Tb(III) alone, which, as mentioned above, is due to the existence of 
fewer binding sites with this nucleotide than with the nucleic acids. These results also 
suggest that at these concentrations a maximum of one GTP molecule is bound to each 
lanthanide ion. Increases in the intensity of the emission bands, particularly in the 
presence of DNA and RNA, has been attributed to energy transfer.66 However, as we 
have previously discussed32 we believe that this is not the only factor involved, and that 
changes in hydration of the cation may also be responsible. The interaction of 
lanthanide ions with these polyelectrolytes is likely to change the local coordination 
sphere, probably leading to substitution of coordinated water molecules of lanthanide 
ion by phosphate groups or bases. 
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The effect of the pH.  The behaviour of nucleic acids in solution shows a significant 
dependence upon pH due to the protonation equilibria of phosphate groups and bases, 
and of the consequent effect of these on chain conformations. Nucleotides undergo 
protonation in acid solutions, and deprotonation in the presence of base. At neutrality, 
there is no charge on any of the bases. The bases adenine, cytosine and guanine undergo 
protonation as the pH is lowered.75 The pKa values of the purine and pyrimidine bases 
and phosphate groups are presented in Table 1. 
  Information on the effect of pH on metal binding was obtained by studying the 
emission spectrum of aqueous solution of terbium (III) in the presence of RNA and 
GTP at pH values of 4.7, 7 and 9. The results for the system RNA-terbium are presented 
in Figure 5. Differences in the luminescence intensities were observed, with the highest 
intensity at pH 9. The spectra at pH 4.7 and 7 are quite similar suggesting that the same 
mechanism of binding is involved in this pH region. At neutral pH, RNA is highly 
charged and the phosphate groups are essentially deprotonated:  the phosphomonoester 
is partially mono-protonated at pH 7, while all the phosphodiester linkages in RNA are 
entirely deprotonated at pH 7. At pH 4.7 and 7 we believe that, as for DNA-terbium 
system,32 terbium binding to RNA mainly involves the phosphate groups. Changes in 
the RNA structure to a more open form may occur at pH 9, and it is likely that terbium 
also binds to the nitrogen bases. We have found that, at pH 9, terbium leads to the 
disruption of the DNA double helix and induces formation of the single stranded 
conformation.32 There is evidence from circular dichroism and electrooptical 
measurements that changes in DNA conformation may occur at even lower pH values, 
but that this does not lead to strand breaking. Transfer RNA has a secondary structure in 
which the single stranded RNA folds back on itself to form a double stranded helix. 
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Terbium can induce some perturbations in the stability of this double helix, as it does 
with DNA.32 As with single stranded DNA32 and poly(vinylsulfonate)33 it can act as a 
chelating ligand. Similar, but less pronounced, behaviour was observed for the system 
GTP-terbium at the same pH values, as shown in the inset of Figure 5. The higher 
luminescence intensity observed at pH 9 than at pH 4.7 or 7 (whose spectra almost 
overlap) strongly supports the idea that two possible mechanisms of binding are 
involved. As with guanosine-5`-phosphate75, the secondary phosphate of GTP has a pKa 
around 6 while guanine has pKa values 2.4 and 9.2. According with this, the interaction 
of terbium with GTP probably involves binding to the phosphate at pH 4.7 and 7, and to 
both phosphate and guanine at pH 9.  
We show below that these two different ways of binding are in agreement with the 
different number of water molecules which are released from the terbium ion 
coordination sphere at different pH values and with differences in the 31P NMR spectra. 
We will also see that EPR results confirm the existence of strong interaction and 
differences on binding depending on the pH. 
 
Hydration studies via lifetimes in H2O and D2O solutions. Additional information on 
terbium-RNA and terbium-GTP interaction was obtained by studying the decay of the 
terbium(III) ion luminescence. As indicated in the introduction, the terbium lifetimes 
are very sensitive to the detailed nature of the ligand environment, due to deactivation 
of excited states by coupling to ligand vibrational modes. Then, the study of Tb(III) 
luminescence decay in H2O and D2O solutions provides a valuable method for 
measuring the number of coordinated water molecules.38,44 Water (H2O) molecules (and 
OH- ions) are generally much more effective nonradiative relaxers of lanthanide excited 
states than are other ligands or ligand donor groups, while D2O molecules (and OD- 
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ions) are less efficient. This difference in the excited lanthanide ions lifetimes in H2O 
versus D2O solutions can be exploited in determining the number of water molecules 
coordinated to Tb(III). The decay of Tb(III) luminescence was studied alone 
([Tb(III)]=10-4M) and in the presence of RNA ([Tb(III)] = 10-4M, [RNA] = 10-4M) and 
GTP ([Tb(III)] = 10-4M, [GTP] = 10-4M)  in H2O and D2O solutions. Good single 
exponential decays were observed. Although more than one Tb(III) species is present in 
these systems, such that in principle multiexponential decays may be expected, 
terbium(III) complexes are know to be labile,76 such that the rate of ligand exchange 
with this cation is likely to be faster than its excited state decay, and only a single 
exponential is seen in each case. From these, the number of bound water molecules was 
determined (Table 2). The values for aqueous solution in the absence of RNA and GTP 
are in good agreement with literature data44 and are consistent with Tb(III) being 
coordinated to 9 water molecules for pH values 4.7, 7 and 9, as been shown by neutron 
scattering.77 However, in the presence of RNA and GTP, the number of bound water 
molecules appears to decrease to approximately 8 at pH 4.7 and 7, and to approximately 
3 and 7 water molecules at pH 9, respectively. This loss of one, six and two water 
molecules is probably related to the different way terbium binds to RNA and GTP at 
different pH values. At low pH values, the behaviour is similar to that observed in our 
previous study with double stranded DNA. It has been suggested for lanthanide ion 
binding to polynucleotides that this involves mainly charged phosphate goups.78 In this 
region, substitution by this group on the nucleic acids or nucleotide is likely to replace 
one water molecules. For GTP at pH 9, as discussed in the previous section, since this is 
a nucleotide with one nitrogenous base, binding the lanthanide may involve one 
phosphate group and the guanine base, leading to release of two water molecules from 
the terbium ion. The biggest effect is seen with RNA at pH 9, where six water 
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molecules are lost. This is similar to what has been seen on binding of lanthanide ions to 
single stranded DNA32 or to poly(vinyl sulfonate)33, and is probably due to chelation of 
the lanthanide ion by the polyelectrolyte leading to loss of so many water molecules. A 
similar chelation effect has been identified with samarium (III) in a high-resolution 
crystal structure determination of a metal substituted manganese peroxidase.79 The loss 
of six water molecules is fully consistent with the marked increase in luminescence 
intensity seen with RNA at this pH, and, as discussed in the previous section, we 
believe that both changes in the secondary structure of RNA and involvement of 
phosphate groups and bases contribute to the binding. The results with GTP strongly 
support binding by both phosphate and bases with RNA.   
We believe that the confirmation of lanthanide ion dehydration in these systems is 
important and, although it is dangerous to extrapolate to the behaviour of other metal 
ions and polyelectrolytes, feel that the entropy change caused by cation dehydration 
may be one of the important thermodynamic parameters in the binding in these systems. 
There is increasing evidence for the importance of counter ion dehydration on binding 
to polymer and surfactant systems, 32,33,64,80 possibly involving the dehydration 
entropy.81  
 
31P  Nuclear Magnetic Resonance Studies 
Phosphorous-31 NMR spectroscopy is likely to provide valuable information on the 
extent of metal ion binding to phosphate groups in nucleic acids. Due to experimental 
reasons, it was not possible to obtain 31P NMR spectral data with RNA. However, 
studies were made using single strand DNA (ss-DNA), and the results are presented in 
Table 3. The 31P chemical shifts of ss-DNA show four broad signals spanning from 
around -28 to around 30 ppm. One of the most important factors that affect 31P chemical 
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shifts is the degree of imposed conformational constraint. Generally, the 31P chemical 
shifts of the phosphates move upfield as the position of the phosphate moves toward the 
centre of the helix.68  In the presence of Tb(III), the 31P NMR spectra of ss-DNA, for pH 
values 4.7 and 7, shows the presence of inorganic phosphate (Pi) complexed with 
Tb(III), together with two other signals, with positive chemical shifts, which can be 
assigned to phosphate moieties of DNA complexed with Tb(III), supporting the model 
of binding at this pH obtained from luminescence studies. The loss of two of the 31P 
signals of the DNA and the presence of a new signal around 40 ppm may be associated 
with both paramagnetic broadening and lanthanide induced chemical shift, but may also 
indicate changes in the DNA conformation on binding. The presence of inorganic 
phosphate suggests that Tb(III) is inducing hydrolysis, in agreement with previous 
reports.82 This is not seen in the luminescence studies, which suggests that at the level 
of the first coordination sphere of the lanthanide ion there is little difference between 
coordination by inorganic phosphate and phosphate groups on the DNA.  
However, at pH 9, no signals could be observed in the 31P NMR spectra of ss-DNA in 
the presence of the same concentration of Tb(III), due to severe broadening, suggesting 
that the interaction between metal ions and ss-DNA is stronger, probably, as previously 
suggested 83, involving both phosphate groups and the N-donor groups of the bases. 
Similar experiments were carried out with GTP (guanosine 5’ triphosphate) and Tb(III). 
The results are also presented in Table 3. 31P NMR signals of GTP have previously been 
assigned.84 In the presence of Tb(III) new signals appear, which suggest that the 
interaction of metal ions with GTP also gives rise to hydrolysis to inorganic phosphate 
at all the pH values studied (4.7-9). Both the oxygen atoms of the sugar phosphate 
moieties and the nitrogen atoms of the base residues are available as potential binding 
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sites in GTP. Previous studies on the complexation of Ru(II) with ATP and GTP have 
provided evidence of the possibility of macrochelate formation through coordination of 
a metal centre by both the guanine base and phosphate residues, with coordination by 
the N-donor atoms of the base occurring in alkaline solutions.85 Macrochelates are only 
formed with 5’-di and -tri-phosphates, facilitating a slow metal-assisted cleavage. We 
note that recent density functional calculations on the binding of the related hydrated 
aluminium(III) ion to nucleic acid bases suggest that binding involves the nitrogen atom 
of the five ring of guanine.86 The 31P NMR results all support the view that in neutral or 
acid solution, complexation of the lanthanide involves phosphate groups. The 
differences observed with the 31P NMR spectra for the systems Tb(III)/ss-DNA and 
Tb(III)/GTP are probably related with differences in the lanthanide ion binding. With 
GTP, macrochelation is possible, and may involve more than one phosphate group. This 
cannot occur with the single strand nucleic acid. However, it is possible that the 
lanthanide may bind more than one phosphate group at different parts of the polymer 
chain.    
 
Electron Paramagnetic Resonance Studies (EPR). Additional experimental evidence 
showing lanthanide ions interacting with nucleic acids and GTP comes from Gd(III) X 
band EPR spectra.  
The Gd(III) EPR spectra was studied in pure water and in solutions of ds-DNA, ss-
DNA, GTP and RNA at different pH values (pH 4.7, 7 and 9) and different gadolinium 
concentrations. In the case of ds-DNA for the three pH values the samples precipitate 
and the only signal detected was due to free Gd(III) (data not shown). For RNA, the 
signal at pH 9 seems to be more affected by precipitation than at the other two pH 
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values, what would be in agreement with the loss of a higher number of coordinated 
water molecules when lanthanides interact with RNA at pH 9.  
The first evidence of the interaction of Gd(III) with GTP and nucleic acids comes from 
the effect of pH on the Gd(III) signal. In aqueous solution, the Gd(III) signal is 
pratically unaffected by pH. However, in the presence of nucleic acids (ss-DNA and 
RNA) or GTP, the intensity of the signal increase markedly with pH, as it is shown in 
Figure 6 for ss-DNA with a Gd(III) concentration of 5x10-3 M. With this technique 
differences between pH 4.7, 7 and 9 become evident and in this sense, EPR 
spectroscopy studies using different pH values are more sensitive than luminescence. 
The second evidence which probes the interaction of Gd(III) with nucleic acids and 
GTP comes from the slight broadening of the Gd(III) signal with respect to the signal in 
aqueous solution, as it is shown in Figure 7.  
Although the factors responsible for the linewidth of Gd(III) EPR spectra in aqueous 
solutions have been extensively studied and discussed in detail,87-91 the situation is 
complex, involving both inner- and outer-sphere exchange processes, together with 
dipole-dipole interactions, and effects due to transient distortions of complexes, factors 
which depend on both the symmetry and the number of coordinated water molecules. 
However, while the actual mechanism responsible for the slight increase in band width 
in the present case is not clear, the results are consistent with changes in the 
coordination sphere of the cation on binding to single stranded DNA or GTP. Also the 
fact that signals seem slightly wider at higher pH is in agreement with a stronger 
interaction between the lanthanide and ss-DNA, RNA or GTP under these conditions, as 
suggested by the luminescence results. 
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Conclusions   
Luminescence studies have been used to study the interaction between the trivalent ions 
cerium (III) and terbium (IIII), and RNA and GTP. The luminescence spectra in the 
presence of RNA and GTP show significant differences which suggest complexation. 
With cerium this binding is evident from the dependence, both for RNA and GTP, of 
emission intensity on concentration, where a plateau regime has been found. In the case 
of terbium-RNA and terbium-GTP systems, interesting dependences on pH were 
observed; this is related to the protonation equilibria of the phosphate groups and 
nucleotide bases, which also will affect the helical structure of RNA. Two possible 
mechanisms of binding seem to be present. At pH 4.7 -7 binding is suggested to involve 
just the phosphate groups. However, at pH 9 the mechanism may involve both 
phosphate groups and the bases in the case of RNA, or the guanine base in the case of 
GTP. This is consistent with the analysis of the Tb(III) lifetimes in H2O and D2O at 
different pH, where it was found that the lanthanide ion loses one water molecule on 
binding the RNA and GTP at pH 4.7 and 7, and six and two water molecules at pH 9, 
respectively. Further information comes from EPR spectroscopy, whose strongly 
supports the existence of interaction. The Gd(III) EPR spectra in the presence of ss-
DNA, GTP and RNA show slight broadening, supporting changes in the lanthanide ion 
coordination sphere. In agreement with the results obtained with the other spectroscopic 
techniques used in this work, the increase of Gd(III) spectrum intensity with pH also 
shows that lanthanide interaction with nucleic acids and GTP is stronger at higher pH. 
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Figure Captions 
 
Figure 1. Emission spectra (exc = 280 nm) for: cerium (III) ([Ce3+] =10-4M); cerium 
(III)-GTP ([Ce3+] = 10-4M, [GTP] = 10-4M) and cerium (III)-RNA ([Ce3+] = 10-4M, 
[RNA] = 10-4M). Temperature 25°C. 
 
Figure 2. Emission spectra (exc = 280 nm) for the complex Ce(III)-RNA with 
different cerium concentrations (5x10-5M, 10-4M, 10-3M and 5x10-3M). RNA 
concentration is constant   ([RNA] = 10-4 M).Temperature 25°C. 
 
Figure 3.  Corrected Ce(III) emission intensity versus Ce(III) molar concentration in 
GTP and RNA  aqueous solutions ([GTP] = 10-5 M) and [RNA] = 10-5 M). Temperature 
25°C. 
 
Figure 4.  Emission spectra (exc = 280 nm) for: terbium (III) ([Tb3+] =10-4M); 
terbium(III)-GTP ([Tb3+] = 10-4M, [GTP] = 10-4M) and terbium (III)-RNA ([Tb3+] = 10-
4M, [RNA] = 10-4M). Temperature 25°C. 
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Figure 5. Emission spectra (exc =280) for the complex Tb(III)-RNA ([Tb(III)] =10-4 
M, [RNA] =10-4 M) with different pH values ( 4.7, 7 and 9) and in the inset for the 
complex Tb(III)-GTP ([Tb(III)] =10-4 M, [GTP] =10-4 M) with different pH values ( 4.7, 
7 and 9).Temperature 25 °C.   
 
Figure 6.  The EPR Gd(III) ([Gd(III) = 5x10-3 M]) spectra in the presence of ss-DNA 
([ss-DNA]) = 10-4 M]) in aqueous solution at different pH (4.7, 7 and 9). Temperature 
25ºC. 
 
Figure 7. The normalized EPR Gd(III) ([Gd(III) = 5x10-3 M]) spectra in aqueous 
solution (dotted line) and in the presence of RNA ([RNA]) = 5 x10-3 M], straight line) at 
pH 4.7. Temperature 25ºC. 
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Table 1: pKa values of pyrimidine and purine bases and phosphate groups.78,92 
 
Base Atom pKa 
Adenine N-1 3.5 
Cytosine N-3 4.2 
Guanine N-7 3.6 
Guanine N-1 9.2 
Thymine N-3 9.7 
Uracil N-3 10.1 
RNA (Phosphates) 
 
between 3 and 4 
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Table 2: Lifetime, , and the Number of Coordinated Water Molecules, n, of 
Tb(III) in water and D2O, and in RNA and GTP Aqueous and D2O solutions at 
different pH values. 
 
   Samples 
   H2O (ms)    D2O (ms)             n
a
 
Tb pH 4.7        0.46        4.43             9 
Tb-RNA pH 4.7        0.52        3.17             8 
Tb-GTP pH 4.7        0.43        2.02             8 
Tb pH 7        0.43        4.26             9 
Tb-RNA pH 7        0.42        2.03             8 
Tb-GTP pH 7        0.43        2.03             8 
Tb pH 9        0.49        4.35             9 
Tb-RNA pH 9        0.57        0.65             3 
Tb-GTP pH 9        0.41        3.05             7 
 
a. Estimated error ± 0.5 water molecules. 
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Table 3: 31P NMR parameters
a
 for ss-DNA, ss-DNA/Tb(III), GTP and GTP/Tb(III) 
solutions 
               
 ss-DNA
 
b
   
 
pH*  4.7  28.73  11.70  -13.40  -25.68 
pH* 7.0  30.27  11.75  -14.60  -28.00  
pH* 9.0  30.10  11.85  -15.35  -28.46 
               
ss-DNA/Tb(III)
 
c  
   Pi remaining peaks  
 
  
pH* 4.7  5.64 40.71  26.75   
pH* 7.0  5.64 40.83  28.78   
pH 9.0                       - d                       - d  - d  
               
GTP
 
e
   
 
      α-GTP   β-GTP   γ-GTP 
pH*  4.7   -7.93 (JP-P 19.08) -19.49 (JP-P 19.08; 19.07) -6.63 (JP-P 19.07) 
pH* 7.0   -7.97 (JP-P 19.08)  -19.62 (JP-P 19.08; 19.07) -6.72 (broad) 
pH* 9.0   -7.99 (JP-P 19.08) -19.58 (JP-P 19.08; 19.07) -6.41 (broad) 
               
GTP/Tb(III)
 
f  
   Pi   α-GTP+β-GTP  
 
  
pH* 4.7  3.31    -6.42 (broad) 
pH* 7.0  3.29    -6.41 (broad) 
pH 9.0  3.29    -6.39 (broad) 
               
 
a  Values, in ppm, relative to H3PO4 (85%) as external reference, J values in Hz. 
b 10  mmol dm−3 ss-DNA solution. 
c 10:1 mmol dm−3 DNA:Tb(III)  solution. 
d not observed. 
e 10 mmol dm−3 GTP solution. 
f 10:1 mmol dm−3 GTP:Tb(III)  solution. 
